Abstract Medical image registration is an important component of computer-aided diagnosis system in diagnostics, therapy planning, and guidance of surgery. Because of its low signal/noise ratio (SNR), ultrasound (US) image registration is a difficult task. In this paper, a fully automatic nonrigid image registration algorithm based on demons algorithm is proposed for registration of ultrasound images. In the proposed method, an "inertia force" derived from the local motion trend of pixels in a Moore neighborhood system is produced and integrated into optical flow equation to estimate the demons force, which is helpful to handle the speckle noise and preserve the geometric continuity of US images. In the experiment, a series of US images and several similarity measure metrics are utilized for evaluating the performance. The experimental results demonstrate that the proposed method can register ultrasound images efficiently, robust to noise, quickly and automatically.
Introduction
Breast cancer is one of the most common cancers and affects women's health seriously [1] . Due to daily physiological changes or clinical factors, the deformation of soft tissues and/or velocities could be caused in different phase during the normal course of treatments. In medical applications, image registration can be used to monitor tumor development or treatment over time, to make an operation plan, or to compare images from different subjects [2] . It could also be used for spatial compounding of images to improve image quality and contrast. Typically, registration algorithms can be divided into rigid registration using linear transformation (translation, rotation, and scaling) and non-rigid registration using nonlinear transformation to compensate for the displacement and the pattern variation of the object. The physical characteristics of soft tissue changes in organs or tissues determine that the non-rigid registration is more suitable for medical images. Previous deformable image registration algorithms focused on the registration of medical images including magnetic resonance imaging [3] , computed X-ray tomography [4] [5] [6] , positron emission tomography [7, 8] , and single photon emission computed tomography [9] [10] [11] . Comparing to above imaging types, ultrasound (US) imaging is more prevalent and effective in early detection of breast cancer because of its noninvasive, practically harmless, and cost-effective nature [12] . However, the automatic registration of breast ultrasound image (BUS) was not well developed due to its low signal-to-noise ratio (SNR) and high speckle noise caused by artifacts and attenuation.
Traditional image registration algorithms can be categorized into two classes: feature-based algorithms and intensity-based algorithms. Several methods for US image registration have been developed [13] [14] [15] . However, these methods still have problems in dealing with BUS images. Feature-based algorithm is useful for processing noisy images by matching the features such as geometric features and local texture features in the deformed image with that in the static image. However, the potential error of feature extraction may be carried over into the deformable image registration process because of the changes in the location, shape, size, and texture of lesions caused by the physiological changes and the stress of ultrasound probe. Besides, extra time for preprocessing and extracting features is needed. Intensity-based algorithms can use pixel (or voxel) information directly, but the registration methods utilizing intensity-based algorithms such as SSD (sum of squared intensity differences) and SAD (sum of absolute differences) are very sensitive to the change of intensities, such as noise [16] . Although some methods used a smooth operation to suppress noise during registration process [17] [18] [19] , the trade-off between noise and feature preserving is a dilemma. Therefore, an effective non-rigid image registration method for BUS image registration is needed.
Demons algorithm is quite popular for non-rigid image registration because of its linear computational complexity and easiness of implementation [17] . In this paper, a fully automatic non-rigid image registration method based on demons algorithm is proposed for US images. To handle low SNR and preserve the geometric continuity, a new force is proposed and added to the optical flow equation to estimate the demons force. Demons at any point in the image space will produce not only a force derived from the local gradient information, but also produce an "inertia force" originating from the motion trend of pixels in a Moore neighborhood system, which allows the moving image to diffuse into the corresponding static image more suitably; especially, when the gradient on US image is unsteady. In the experiment, a series of US images and three statistical similarity measure metrics: sum of squared difference, correlation coefficient, and normalized mutual information are employed for evaluating the performance. The experimental results demonstrate that the proposed method can register US images efficiently, robust to noise, quickly and automatically.
Methods and Materials

Data Acquisition
There are 60 BUS videos in our database collected by 2nd Affiliated Hospital of Harbin Medical University using HITACHI Vision 900 system (Hitachi Medical System, Tokyo, Japan) equipped with a liner probe having central frequency of 6∼13 MHz. The cases were obtained from February 2008 to March 2011, and all the classes of the images were confirmed by surgery, pathological examinations, or biopsy. Special attention is paid to protect the privacy of the patients. The length of the US video has 2-7 s with 10 fps. For each pair of consecutive frames in a BUS image sequence, the previous frame is used as a static reference image S while the following frame is used as the moving image M which is deformed according to S.
The Proposed Method
The original demons algorithm used the local gradient information from a static reference image S to determine the demons force required to deform the moving image M. In the original demons algorithm, the optical flow equation is used to estimate the demons force. For a given point p, let S (p) be the intensity in S and M(p) be the intensity in M. Then the estimated demons force fo required for M(p) to match the corresponding point in S is given as: (1) is calculated iteratively to estimate the demons force until the demons converges to a stable configuration. However, due to high speckle noise, the local gradient information on static image is unsteady and Eq. (1) may not be efficient. Figure 1 is an example of registration by using the original demons algorithm [17] . The right part in Figure 1 (a) is the registration result of the left part, and the position of the yellow marked moving pixel M(p) is matched well with the corresponding point in the static image. The same force is applied to the yellow marked moving pixel M(p) in Figure 1 (b). However, it is seen that due to unsteady gradient information, the yellow marked M (p) is pushed to an unsuitable position by the original demons force.
In addition, previous demons-based algorithms usually suppress the noise and preserve the geometric continuity of the deformed image by using a Gaussian filter with a variance of σ [2] as a smooth operation to regularize the deformation field [17] [18] [19] . However, if σ is too small, the noise may not be suppressed efficiently. If σ is too large, the detail of image may be degraded greatly. Some works estimated the demons force by adding different kinds of extra force to optical flow Eq. 1 [8, 19] . However, since the demons force that drives the deformation is inefficiently taken from the local gradient information only, these methods still have the problems in dealing with low SNR.
Since the demons force derived from the unsteady gradient information of US image is unsteady, in this study, an extra force is added to the optical flow equation to estimate the new demons force. The proposed method is based on a fundamental law of inertia: an object has the tendency to resist any change in its motion. Assuming a moving "car" encounters a "small pit" and a "large pit," it may cross over the small pit by its inertia and stay in its original movement direction. However, for the large pit, its momentum will be decreased greatly, and it may even fall into the large pit. Similarly, the pixel in moving image is like a "car," while the speckle noise and boundary region in static image is considered as a "pit." Figure 2 (a) is a US image marked with a dashed line. The speckle noise in the red circle marked region in Figure 2 (b) is like a "small pit," and the boundary region in the blue circle marked region in Figure 2 (b) is like a "large pit." By adding an extra force, the moving pixel can be pushed across the speckle noise point but stopped at the boundary point. Hence, in this paper, we call the extra force as "inertia force."
By analyzing the diffusion principle of demons algorithm, we find that the motion of pixels driven by the demons force is essentially based on the relationship of pixels, such as intensity difference. Accordingly, in proposed diffusing model, the motion trend of each pixel is derived from the intensity variation information of pixels in where t is the iteration number and r is the radius size of Moore neighborhood system [20] . The parameter r for determining the scope of Moore neighborhood system should be appropriately selected. If r is too small, the local intensity variation information of pixels may be affected by the speckle noise greatly; if r is too large, intensities of different regions may be wrongly included. Assuming that diffusion is bi-directional, ! ðpÞ gradually. Finally, M (p) can be pushed to the expect direction (see Fig. 3 ).
Evaluation Methods
To evaluate the performance of registration result, three similarity measure metrics: sum of squared difference (SSD), correlation coefficient (CC), and normalized mutual information (NMI) are utilized for statistical evaluation. SSD is one of the most prevalent similarity measurement calculated by subtracting the intensities of pixels between two images within a squared neighborhood. Let D(i,j) be the pixel set of registrated image D and S(i,j) be the pixel set of corresponding static image S, then the SSD is defined as:
where i and j are the coordinate of pixels in S and D, respectively. When the SSD ratio is lower, the deformed image is more similar to the corresponding static image. Correlation coefficient measures how well two corresponding images are linearly related, describing the degree of overlapping areas between two images at different time [21] . The correlation coefficient has the value CC01 if the two images are absolutely identical, and the performance of registration is the best. CC00 if two images are uncorrelated.
where S i; j ð Þis the average of S i; j ð Þand D i; j ð Þis the average of D i; j ð Þ: Normalized mutual information (NMI) can be quantitatively considered as a measure of how well one image matching another [22] . The normalized mutual information is calculated by the joint entropy of the intensities between the two images to be registered. The NMI is defined as:
where
where HðSÞ ¼ P 
Þis the joint entropy of image S and D, where P x S ð Þ and P x D ð Þare the probability distribution function of S and D, and P x S ; x D ð Þ is the joint probability distribution function of S and D, respectively.
Results
For studying the characteristic of the inertia force, the proposed method is applied to US images first and two other non-rigid image registration methods: active demons algorithm (AD) and fast inverse consistent demons algorithm (CD) are utilized for comparison [18, 19] . In AD model, an "active force" derived from the local gradient information of moving image was added besides the passive force (fo) to estimate the demons force. With the gradient information in both static image and moving image that were synchronously considered, the AD model can converge more quickly and require fewer iterations than original demons algorithm.
The CD model proposed a "fast inverse consistent demons" algorithm in which both static image moving image were symmetrically deformed toward one another in each iteration. The optical flow computations in both AD model and CD model were followed with a smooth operation using Gaussian filter with a variance σ 2 01. In the proposed method, parameter r for determining the scope of Moore neighborhood system is selected according to the registration performance tested with different r values. By the experiment, we found that when r was set to 3; the proposed method can achieve a best performance and it was selected as the radius of Moore neighborhood system of the proposed method. Figure 4 (a) is a static reference US image; Figure 4 (b) is the corresponding moving image captured from the same video after 0.1 s. By using the AD model, the registration result is shown in Figure 4(c) . It is seen that there are trivial regions generated, some areas do not converge suitably appearing in a mastic pattern. The AD model gets a poor result because the estimated demons force is calculated from the local gradient information of the static/moving images only. Since the local gradient information in US image is unsteady, the pixel in the moving image may be pushed to a wrong direction towards the corresponding pixel in the static image, leading trivial regions or mastic pattern and getting a poor registration result. In addition, after several smooth operations with Gaussian filtering, the detail of the original moving image is damaged and the corresponding deformed image is quite fuzzy. The same problem happed to the CD model, it is seen that the registration result generated in Figure 4 (d) does not match the static image well. The difference between the static reference image, moving image, and the deformed images generated by using AD, CD, and proposed method is shown in Figure 4 (f-i), respectively. Comparing to AD and CD method, the registration result of the proposed method is more suitable, and the detail and the geometric continuity of the deformed image are preserved well.
For validating the registration performance of proposed method quantitatively, for each US case, the SSD between the static image and its corresponding moving image (SSD sm ) and the SSD between the static image and corresponding deformed image (SSD dm ) generated by using different methods are calculated. In this paper, PSD sm 0 SSD sm /SSD sm are normalized to 1 as the similarity criterion, PSD0SSD dm /SSD sm is used for statistical evaluation between SSD sm and SSD dm . PSD<1 means the deformed image is closer to the static image than the original moving image, while PSD close to 0 denotes that the deformed image and the static image are more similar, meaning the registration is more efficient. The statistical evaluations of two methods are shown in Figure 5 . From Figure 5 , it is seen that after registration, the PSD ratio of AD model and CD model is carried out in PSD1 and PSD2, respectively. It is seen that the PSD ratio of proposed method (PSD3) is much lower than that of two other methods, and the curve distribution is also much steadier. This demonstrates that the registration result of the proposed method is more reliable.
Another statistical evaluation of the efficiency of different methods is also carried out with SSD. In this experiment, three methods are set to 30 iterations, and the SSDs of different methods for each iteration are calculated. It is seen from Figure 6 that the proposed method can converge more quickly, and the SSD of proposed method is much lower than that of two other methods. This demonstrates the proposed method can converge more quickly and needs less iteration to achieve a better performance.
For evaluating the overall performance of different methods, AD model, CD model, and the proposed method are applied to the same images for comparison. The statistical evaluations for three methods with above-mentioned similarity metrics are listed in Table 1 . From Table 1 , it is seen that the SSD ratio of proposed method is lower, while the CC ratio and NMI ratio are higher than that of two other methods. This demonstrates that the registration result of proposed method is more accurate. Table 2 is the registration performances of three methods applied to the US images in our database adding the white Gaussian noise with variances σ 2 00.01, σ 2 00.02, and σ 2 0 0.03, respectively. It is seen that to the cases with high speckle noise, the performances of AD model and CD model are degraded greatly. Comparing to them, the proposed method still achieves a much lower SSD ratio than that of two other methods. This demonstrates that the proposed method is robust to the noise.
The proposed method produces better result for the following reasons: (1) By employing the inertia force, the internal force derived from the unsteady gradient information of US image can be fixed during iteration progress; thus the proposed method is insensitive to noise. (2) The proposed inertia force is potentially a smooth operation by considering the local intensity distribution information of Moore neighborhood system, thus, the geometric continuity of image can be preserved as well. Different to other methods, the smooth function in proposed method is potentially integrated into the demons force during registration process; therefore, the image detail can also be preserved.
The processing speeds of the methods are also studied. All of methods are performed on a Core2 PC with 4 GB RAM using MATLAB. The computing time to perform a registration depends on the size of the original static reference US image and the resemblance of the moving image relative to the corresponding static reference image. For a typical 240×400 US image, the AD model needs about 135 s to complete the registration, while the CD model needs nearly 90 s. The proposed method needs less time to reach the convergence (around 70 s) because there is no smoothing operation utilized.
Discussion and Conclusion
In this paper, we implement an effective non-rigid image registration method using a novel demons algorithm for US image registration. To handle low SNR, the proposed method adds an inertia force to optical flow equation to estimate the demons force, which can make the moving image diffuse into the corresponding static images more suitably. Comparing to other methods based on demons algorithm, the proposed method can keep the image geometric continuity well while preserve the image detail. The experimental results demonstrate that the proposed method can register the image efficiently quickly and automatically, and is robust to noise.
